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Although concentrated animal feeding operations constantly
generate physiologically active steroidal hormones, little is known
of their environmental fate. Estrogen and testosterone
concentrations in groundwater and their distribution in sediments
below a dairy-farm wastewater lagoon were therefore
determined and compared to a reference site located upgradient
of the farm. Forward simulations of flow as well as estrogen
and testosterone transport were conducted based on data from
the sediment profile obtained during drilling of a monitoring
wellbelowthedairy-farmwastelagoon.Testosteroneandestrogen
were detected in sediments to depths of 45 and 32 m,
respectively. Groundwater samples were directly impacted by
the dairy farm, as evidenced by elevated concentrations of
nitrate, chloride, testosterone, and estrogen as compared to the
reference site. Modeling potential transport of hormones in
the vadose zone via advection, dispersion, and sorption could
not explain the depths at which estrogen and testosterone
werefound,suggestingthatother transportmechanismsinfluence
hormone transport under field conditions. These mechanisms
may involve interactions between hormones and manure as well
as preferential flow paths, leading to enhanced transport
rates. These types of interactions should be further investigated
to understand the processes regulating hormone transport in
the subsurface environment and parametrized to forecast long-
term fate and transport of steroidal hormones.

Introduction
Wastewater lagoons are standard practice for the storage
and treatment of manure from concentrated animal feeding
operations (CAFOs). Many states require that the soil lining
at the bottom of the wastewater lagoons have a saturated
hydraulic conductivity of <10-6 cm/s (1), making soil lining
an attractive, cost-effective solution for waste storage as
compared to plastic lining. However, soil lining has repeatedly

failed to reduce deep infiltration of water and contaminant
leaching into the groundwater, resulting in extensive ground-
water contamination with chloride, nitrate, and, in some
cases, bacterial pathogens as well (2–6). Only a small fraction
of the studies examining the impact of CAFOs on groundwater
quality has included hormones in their measurements,
despite the fact that a link between animal farming and
surface water contamination with hormones was shown over
25 years ago (7).

Steroid hormones are phylogenetically old chemical
substances that have been found to have physiological roles
in all phyla higher than, and including, cnidarians and
molluscans (8). The primary steroid hormones are estrone,
estradiol, progesterone, testosterone, and cortisol. Excess
amounts of hormones in the environment are hazardous
because they have the potential to cause adverse health effects
in humans and wildlife by interfering with the normal activity
of hormones involved in growth control, metabolism, and
other body functions (9). The steroids of major concern are
estrone and 17�-estradiol because they exert their physi-
ological effects at lower concentrations than other steroids
and can be found in the environment at concentrations above
their lowest observable effect level (LOEL) for fish and plants
(10 ng/L) (10, 11). The common concentrations of proges-
terone and testosterone in the environment are at least 1
order of magnitude below their LOEL. Most hormones are
lipophilic in nature and therefore poorly soluble in water
(log Kow between 2.6 and 4 11, 12). Therefore, it is expected
that hormones will be adsorbed to sediment particles and
organic carbon and will have a limited ability to move into
the subsurface environment, as shown by several sorption
and column studies (13–16). Moreover, as organic molecules,
hormones are likely susceptible to microbial degradation.
Nevertheless, in recent years, there has been a rise in cases
in which hormones were found at depths of more than several
meters and in groundwater (17–20). For example, Swartz et
al. (18) measured estrone and 17�-estradiol, which had
leached from wastewater tanks through glacial deposits of
sand and gravel, in groundwater at depths of 3-6 m and
concentrations of up to 120 and 45 ng/L, respectively. Wicks
et al. (17) measured 17�-estradiol in a karstic aquifer at
concentrations of up to 80 ng/L. However, in those studies,
the mechanism of transport through the unsaturated zone
was not discussed.

In this study, we measured for the first time the deep
vertical distribution of estrogen and testosterone in unsatur-
ated sediments below a CAFO waste lagoon and conducted
solute transport simulations to test the hypothesis that solute
advection, dispersion, and sorption cannot fully explain the
distribution of hormones in an unsaturated zone. Under-
standing the behavior and transport of steroidal hormones
in the subsurface can improve our ability to protect our
groundwater resources and may provide tools for the
development of remediation strategies.

Materials and Methods
Study Site. A dairy farm with ∼60 dairy cows and 30 calves
was chosen for the study of testosterone and estrogen
transport from a waste lagoon to groundwater through the
vadose zone. The dairy farm is located above the southern
section of the Israeli Coastal Aquifer. The facility uses a 150
m2 single-stage earthen unlined waste lagoon with an average
depth of 0.5 m, which is common manure-management
practice in the area. Excess wastewater overflows directly
into a dry creek, while no specific maintenance procedures,
such as drainage or solid removal, are used at the site.
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Two 6 in. boreholes were drilled for the purposes of
sediment sampling and construction of groundwater-
monitoring wells. One borehole was drilled directly under
the waste lagoon (RFW1), after a small portion of the lagoon
was dried. A second borehole (RFW2) was drilled ∼1 km east
of the dairy farm (upgradient), in a typical agricultural field
used for growing barley. The boreholes were entirely cased
with PVC pipes and perforated from ∼1 m above the
groundwater surface to the bottom of the borehole, which
was ∼7 m below groundwater level (groundwater levels were
47 and 42 m below ground surface for RFW1 and RFW2,
respectively).

Sediment and Groundwater Sampling. A dry-drilling
method with a bucket auger was used for sediment sampling
from the entire vadose zone cross-section. The auger was
cleaned between samples with pressurized water and a
propane flame to prevent cross-contamination. Sediment
samples were collected during the drilling at uneven intervals,
with denser sampling at the top of the profile (20 samples
under the waste lagoon and 11 samples under the reference
site: see SI1, Supporting Information, for more details).
Sediments were stored in plastic bags and kept on ice until
they reached the laboratory (<24 h) and then were stored at
4 °C for further analysis. Groundwater was sampled using a
submersible pump (model MP1, Grundfos, Denmark) after
purging three well-volumes. Samples for major ions were
stored in PVC bottles, while samples for hormones were
stored in glass bottles equipped with Teflon caps and kept
on ice until they reached the laboratory (<24 h). In addition,
groundwater samples for major-ion analysis were filtered
through a 45 µm filter and acidified to pH 2 until analysis (<2
weeks).

Extraction Methods. Sediments were extracted for major-
ion analysis by taking 5 g of sediment in 15 mL of distilled
water. The sediment slurries were shaken at 150 rpm for 15
min, before the supernatant was separated from the sediment
by centrifugation at 3000 rpm for 20 min, filtered through a
45 µm filter, and acidified to pH 2 until analysis (<2 weeks).

Sediments were extracted for testosterone and estrogen
by placing 5 g of dried sediment, 5 mL of distilled water, and
10 mL of ethyl acetate (EA) in capped vials. The sediment
slurries were shaken at 150 rpm for 24 h. The organic solvent
was removed using a glass pipet, and the aqueous layer was
re-extracted with 10 mL of EA. The combined supernatants
were placed in a glass vial and evaporated to dryness under
a hood. The residue was then redissolved in 2 mL of methanol
and kept at 4 °C until analysis. Waste lagoon slurries, which
contained ∼30% solid material, were extracted by the same
procedure. Dried dairy cattle manure samples were extracted
with methanol as previously described for chicken manure
(21).

Groundwater samples were extracted for hormone analy-
sis by mixing 500 mL of the sample with 200 mL of 0.1 N
sodium acetate buffer. The mixture was passed through a
C18 solid-phase column, eluted with methanol, evaporated
to dryness, and redissolved in sodium acetate buffer for
analysis.

Chemical Analysis. Nitrate and chloride were analyzed
using an ion chromatograph (Dionex). Testosterone and
estrogen were measured by radioimmunoassay following
Shore and Shemesh (22). The detection limit for testosterone
and estrogen was 0.3 ng/L, with a hormone recovery of 90%
if samples were above 1.0 ng/L. However, below 0.5 ng/L,
recoveries were <50% as determined by LC/MS (23). The
antibody for testosterone recognized both testosterone and
dehydrotestosterone (50%). The antibody for estrogen rec-
ognized both estrone and estradiol (50%) and exhibited only
negligible cross-reactions with other steroids.

Modeling Flow and Solute Transport under Dairy-Farm
Waste Lagoon. The flow, transport, and distribution of water

content and hormones in the vadose zone below a dairy-
farm waste lagoon was modeled using the computer program
HYDRUS-1D version 3 (24). HYDRUS-1D solves the Richards
equation numerically for saturated/unsaturated water flow
andconvection/dispersion-typeequationsforsolutetransport.

Forward modeling over 40 years of operation was used
in all of our simulations since the waste-management
practices in the farm have not changed considerably over
the years (farm owner, personal communication). The model
considers the sediment properties (mineral types and
hydraulic conductivity), a continuous infiltration of water
under constant hydraulic conditions, a continuous variable
input of testosterone and estrogen, and sorption of hormones
onto mineral and organic matter. The model consists of the
entire vadose zone divided into three homogeneous layers
(6 m of clay, followed by a 2 m transition layer of sandy loam,
and 37 m of calcareous sand), based on sediment analysis
from drilling under the waste lagoon (SI1, Supporting
Information). The top boundary was covered by the waste-
water lagoon at a constant head pressure of 0.5 m (controlled
by an overflow system), while the bottom boundary (45 m)
was the groundwater level with zero pressure. Initial water
content was taken as the typical value for similar sediments
as measured on samples from a nearby agricultural field.
Particle-size distribution and mineral composition were
measured on three representative samples from RFW1. These
values served for the general classification of sediment
type and their hydraulic characterization since not all of the
variables were measured directly. Simulations were con-
ducted under a wide range of properties for these sediment
types under various disparate scenarios to show the potential
migration of solutes under the dairy farm. Saturated hydraulic
conductivity of the upper clay layer was measured in situ (in
the waste lagoon) using a standard falling head test (25),
while the saturated hydraulic conductivity of the other
sediment types was calculated based on particle-size dis-
tribution using the neural network prediction embedded in
HYDRUS (Rosseta lite, v 1.1).

Adsorption of hormones was considered to occur under
equilibrium conditions since we estimated that the slow water
velocity in the clay would prevent mass-transfer constraints.
A wide range of adsorption coefficients was used based on
the literature (15, 16, 26, 27), while both linear and Freundlich
models were used in our simulations. We used a continuous
variable concentration at the boundary with repeated half-
year cycles of 750 and 1500 ng/L for estrogen and 750 and
900 ng/L for testosterone. These concentrations reflect our
measured estrogen and testosterone concentrations in the
waste lagoon [1154 ( 540 ng/L for estrogen (n ) 3) and 840
( 75 ng/L for testosterone (n ) 3)]. On the basis of hormone
concentrations in the dairy cattle manure (25 000 ng/kg
testosterone and 300 000 ng/kg estrogen) for 50 lactating
cows, if all of the hormones were dissolved in the 70 L of
slurry produced each day, the concentrations would be 2500
and 33 000 ng/L for testosterone and estrogens, respectively
(22). The lower observed amounts of dissolved hormones in
the slurry are probably the result of limited solubility of steroid
hormones and their partial degradation.

Results and Discussion
Sediment Properties. Table 1 displays the properties of the
three types of sediment that were found under the waste
lagoon. The upper section of the profile (0-6 m) is char-
acterized by a high content of clay minerals and organic
matter as compared to the sediments below a depth of 6 m.
Below a depth of 8 m, the sediments were primarily sand
with a high calcareous content and low organic matter, while
between 6 and 8 m, there is a transition layer of sandy loam.

Distribution of Testosterone and Estrogen under Dairy-
Farm Waste Lagoon and Agricultural Field. Testosterone
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and estrogen were found along the deep sediment profile
under the waste lagoon and were virtually absent in the
sediment profile in the agricultural field (Figure 1). The one
exception at the top section of the sediment profile in the
agricultural field can be attributed to the natural activity of
animals, such as dogs, snails, etc. since manure was not used
to fertilize the soil. Under the waste lagoon, testosterone was
detected all through the sediment profile, down to the
groundwater surface, while estrogen was detectable to a depth
of 32 m. The presence of testosterone at depths of >45 m
below the waste lagoon (and its absence under the agricultural
field) suggests that leachates from the dairy farm traverse
the entire vadose zone and reach the groundwater. This is
further supported by the high chloride and nitrate concen-
trations found in the groundwater below the waste lagoon
as compared to that below the agricultural field (Figure 2).
Neither testosterone nor estrogen was detected in the
groundwater below the agricultural field, but they were
measured at relatively low concentrations (below their LOEL)
under the dairy farm (Figure 2).

The results presented in Figures 1 and 2 are surprising
because batch and column experiments have repeatedly
suggested that hormones are expected to sorb strongly to
soil and sediments such that their distribution would be
limited to the top layers (14–16). To our best knowledge,
neither testosterone nor estrogen has ever been detected at
such depths. However, some recent measurements in shallow
groundwater (<5 m from the surface) have shown that
hormones can reach the groundwater (17, 18, 28), suggesting
that other mechanisms may be enhancing their mobilization.
Recently, Stumpe and Marschner (27) demonstrated that the
presence of manure reduces the distribution coefficient, Kd,
of estrogen and increases the distribution coefficient of
testosterone. It also was hypothesized by Hanselman et al.
(29) that the presence of surfactants and colloids might
increase the mobility of estrogens in the environment.

Nevertheless, direct evidence of enhanced hormone transport
in the unsaturated zone has still not been reported in the
literature, and solute transport is still widely discussed as the
governing mechanism of transport. To evaluate the potential
extent of hormone penetration as solutes under the clay-
lined waste lagoon, we conducted a set of forward simulations
using HYDRUS-1D and compared the results to the hormone
distribution in the sediment profile (Figure 1).

Forward Modeling of Testosterone and Estrogen Trans-
port. Modeling of testosterone and estrogen transport
requires initial calibration of the flow model. Figure 3 displays
the water-content distribution as measured gravimetrically
on sediment samples, as well as eight other modeling
scenarios. In all eight simulations, the water content of the
clay was similar, the water content of the sandy loam varied
between 20 and 23%, and the water content of the sand varied
between 5 and 12%. The different scenarios were selected
following a sensitivity analysis that identified the most
influential parameters (Table 2 and SI2, Supporting Infor-
mation) and represent the range of conditions that potentially
existed in the vadose zone. The most critical parameter
controlling the water content and flux in the entire vadose
zone was the hydraulic conductivity of the clay layer, Ks-clay.
Other significant parameters were Qr-sand, nsand, and Ks-sand,
where Qr is the residual water content and n is a fitting
parameter in the soil-water-retention function (SI2, Sup-
porting Information). In addition, the observed water content
in the sandy layers could only be simulated with Ks-clay values
lower than 0.17 cm/day, which is in agreement with the
measured hydraulic conductivity of the bottom of the pond
as was found by using in situ falling head permeameters
(0.02 ( 0.01 cm/day, n ) 9). Ks-clay values above 0.17 cm/day
yielded a high water content in the sand (>13%), far above
the measured values, and they were therefore excluded from
further analyses. A decreasing Ks-clay value resulted in a
decrease in the overall flow rates through the vadose zone,
while the other significant parameters affected only the
distribution of water content. For example, under a high
Ks-clay value (0.17 cm/day), the calculated average pore water
velocities were 1.7 and 6.9 m/year in the clay and sandy
layers, respectively, while under low Ks-clay values (0.08 cm/
day), the calculated average pore water velocities were,
respectively, 0.76 and 3.22 m/year.

On the basis of the different scenarios, steady-state water
distribution profiles were achieved 3.8-15.3 years after the
wastewater lagoon began its operation. Given the fact that
the dairy farm has been operating for the last 40 years, it is
not surprising to find that the quality of the underlying
groundwater has deteriorated and that increasing concen-
trations of chloride and nitrate, as well as traces of test-
osterone and estrogen, were measured in the monitoring
well under the farm as compared to the upgradient ground-
water (Figure 2).

Figure 4 illustrates the simulated distribution of test-
osterone and estrogen in the vadose zone based on two
different modeling scenarios, 1 and 4 (Table 2), and distribu-
tion coefficients from selected studies (15, 16, 26, 27). It is
clearly seen that increasing Ks-clay and reducing Kd-clay values
resulted in deeper penetration of hormones into the sediment

TABLE 1. Selected Properties of Sediments at the Study Site

mineral composition (%)

depth
(m)

sand
(%)

silt
(%)

clay
(%)

organic
matter

content (%)
illite-smectite
and kaolinite quartz calcite K-feldspar plagioclase

1.35 16 33 51 2.24 45 35 10 5 5
6.35 53 19 28 1.13 15 85
25 79 13 8 0.38 10 35 50 5-10

FIGURE 1. Concentrations of testosterone (b) and estrogen (2)
in the sediment profile under the dairy-farm waste lagoon (solid
symbols) and agricultural field (open symbols). Detection limit
for the steroidal hormones is marked with a dashed vertical
line; groundwater level is marked with a horizontal dashed
line.
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profile. Neither of the simulated scenarios with linear
distribution coefficients predicted that estrogen would leach
below the clay layer underlying the wastewater lagoon (6 m).
However, changing the adsorption model from linear to
nonlinear (Freundlich) doubled the depth of penetration. A
maximum depth of estrogen penetration after 40 years of
continuous input was calculated at ∼12 m (Figure 4a), with
a Kd-clay value of 10 mL/g, which is unrealistic in practice
based on data concerning adsorption to clay soils. Usually,
the measured Kd-clay values are closer to 100 mL/g, which
reduces the maximum depth of penetration to ∼8 m. Overall,
the transport of testosterone followed the same pattern as

that of estrogen, but with greater penetration depths due to
its lower distribution coefficients (Figure 4). When simula-
tions were conducted with a Kd-clay value similar to that of
clean sand, testosterone could reach a depth of 25 m. The
low Kd sand value that was assigned in this case, 0.5 mL/g, also
affected the shape of the concentration profile below a depth
of 8 m. This extreme scenario showed what might happen
in a sandy profile if the wastewater-pond lining failed. The
results in Figure 4 also illustrate a smooth decline of several
orders of magnitude along the profile in the sediments, in
contrast to our measurements (Figure 2), which displayed a
relatively scattered and more even distribution in the
sediment profile. This scattered distribution could occur
because a different mechanism of transport affects hormone
transport, but it could also be due to temporal changes in
the hormone concentrations in the waste or due to biodeg-
radation processes, as it has been shown that steroidal
hormones can be degraded under aerobic and anaerobic
conditions (12, 14, 30). However, we did not study the
degradation of hormones in the sediments under the CAFO,
and we do not know as to whether this degradation is at all

FIGURE 2. Concentrations of nitrate, chloride, testosterone, and estrogen in the monitoring wells under the dairy farm (RFW1) and
under the agricultural field (RFW2). The central line in the Box-Whisker presentation indicates the median value, the upper and
lower boundaries of the box indicate the 25th and 75th percentile values, and error bars indicate the 10th and 90th percentile values.
Groundwater samples were taken every 4-8 weeks during 2006-2007.

FIGURE 3. Distribution of water content in the sediment profile
under the dairy-farm waste lagoon (b) and simulated profiles
under different scenarios (Table 2). The water-content profiles
are calculated for t ) 40 years, although a steady-state in all
simulations occurred 3-6 years after the wastewater lagoon
began its operation.

TABLE 2. Hydraulic Parameters Used To Model Water-Content
Distribution and Solute Transport

parameter Ks-clay (cm/day) Qr-sand nsand Ks-sand (cm/day)

scenario 1 0.17 0.065 3.6 700
scenario 2 0.17 0.02 3.6 700
scenario 3 0.17 0.02 3.6 100
scenario 4 0.08 0.065 3.6 700
scenario 5 0.08 0.065 3.6 100
scenario 6 0.08 0.02 3.6 100
scenario 7 0.08 0.02 1.6 700
scenario 8 0.08 0.02 3.6 100
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significant. Nevertheless, the fact that estrogen and test-
osterone were found in deep sediments implies that deg-
radation under natural conditions is limited and that we
cannot rely on natural attenuation processes as an efficient
site-remediation approach.

There are some limitations on the results from modeling
transport processes with a 1-D model in a 3-D domain,
especially with respect to lateral-dispersion processes, as
discussed by Heatwole and McCray (31). They concluded
that such lateral dispersion would tend to reduce concentra-
tions as compared to those calculated by a 1-D model with
the assumption of only longitudinal dispersion, a conservative
estimate from an environmental protection perspective. In
addition, lateral dispersion and unstable flow (fingering) due
to discontinuous layers is unlikely to occur at our site since
a gradual transition between the dominant layers was
observed during drilling. Therefore, our conservative esti-
mates due to lateral dispersion and unrealistically low
adsorption coefficients clearly show that the deep penetration
of hormones cannot be explained by solute transport
mechanisms.

Implications for Field Monitoring and Remediation. The
results presented in this study clearly show the potential
seepage of hormones as well as inorganic contaminants from
CAFO waste lagoons to deep groundwater, even when a
relatively thick layer of clay serves as a natural barrier. We
used several transport scenarios that differed mostly in their

Ks-clay and Kd-clay values. The discrepancies between the
observed and the simulated distributions of testosterone and
estrogen show that solute transport with sorption alone
cannot explain the distribution of hormones under the waste
lagoon and suggest that other mechanisms affect hormone
transport in the subsurface. We believe that further laboratory
and field studies should focus on alternative transport
mechanisms, such as enhanced transport due to dissolved
organic carbon or colloids, both of which are found in manure
(27, 32). Preferential flow paths also can play a significant
role in contaminant transport; however, under waste lagoons,
macroscale preferential flow paths (i.e., desiccation cracks)
do not play a major role because the clay layer under the
waste lagoon is under saturated conditions (Figure 3). We
also believe that microscale preferential flow paths are likely
to become clogged very quickly due to the high solids content
in the manure.

Although lining with clay is still a common practice in
many countries, we show here that this type of lining cannot
efficiently protect the groundwater environment from waste
lagoon leachates under long-term exposure. The fact that
hormones were detected in different geological media and
under different redox conditions suggests that their degra-
dation in the subsurface environment is limited, and
therefore, natural attenuation cannot be relied on as a
removal mechanism. Although the measured concentrations
of hormones in the groundwater were below the LOEL for
fish and plants, it is still not clear as to how such concentra-
tions will affect humans under long-term usage. Unless the
hormones in the manure are treated, these concentrations
are likely to increase in the near future and will warrant
routine groundwater-resource testing for estrogenic activity
to ensure public health.
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